The human ␤1,3-glucuronosyltransferase I (GlcAT-I) is the key enzyme responsible for the completion of glycosaminoglycan-protein linkage tetrasaccharide of proteoglycans (GlcA␤1,3Gal␤1,3Gal␤1,4Xyl␤1-O-serine 2؉ were crucial for GlcAT-I function. Altogether, these results indicated that, similarly to the SpsA enzyme, the nucleotide binding site of GlcAT-I contains a XDD motif rather than a DXD motif.
Glycosaminoglycan (GAG) 1 side chains of proteoglycans are ubiquitous components of the extracellular matrix and are widely distributed on the surface of many cell types. They are implicated in numerous biological processes such as regulation of cell growth and proliferation, cytodifferentiation, and tissue morphogenesis (see for review Refs. 1 and 2). The biosynthesis of chondroitin/dermatan sulfate and heparin/heparan sulfate GAG chains is initiated by the formation of a linkage tetrasaccharide GlcA␤1,3Gal␤1,3Gal␤1,4Xyl␤1-O attached to specific serine residues of core proteins. This typical tetrasaccharide sequence is also found on so-called "part time" proteoglycans (3), such as ␣-thrombomodulin, whose anticoagulant function is regulated by the presence or absence of a chondroitin sulfate chain (4) . GAG chains are thereafter built up on this linkage region by the alternate addition of N-acetylhexosamine and glucuronic acid (GlcA) residues (see for review Ref. 5) . The assembly process of the GAG-protein attachment region involves the sequential transfer of monosaccharide residues from the corresponding nucleotide sugar starting at the reducing end by xylosyltransferase (6) , galactosyltransferase I (7), galactosyltransferase II (8) , and glucuronosyltransferase I (GlcAT-I) (9) . GlcAT-I is responsible for the completion of the specific GAG-protein attachment tetrasaccharide sequence, thus playing an essential role in the control of further GAG chain elongation. Accordingly, it has been shown that once GlcA is added to the nascent glycopeptidic chain, the tetrasaccharide sequence is efficiently consumed by downstream glycosyltransferases (GTs), suggesting that GlcAT-I may catalyze a ratelimiting step of GAG chain synthesis (10, 11) . Like other GTs, GlcAT-I is a type II membrane Golgi-resident protein, with a short N-terminal cytosolic tail, a transmembrane helix, a stem region, and a C-terminal catalytic domain. The enzyme catalyzes the transfer of a GlcA moiety, from UDP-␣-D-glucuronic acid (UDP-GlcA), onto the 3-hydroxyl group of the terminal galactosyl residue, leading to the formation of a ␤1,3-linkage. On the basis of studies on several nucleotide-sugar transferases that share a similar inverting mechanism, the reaction is believed to be the S N 2 type, whereby a general base would be required for the nucleophilic attack of the acceptor substrate and is often Mn 2ϩ ion-dependent. Sequence alignments of members of the ␤1,3-glucuronosyltransferase family have revealed a sequence of three aspartate residues corresponding to the DXD (aspartate-any residueaspartate) signature motif characteristic for many GTs and other enzymes that use nucleotidic substrates and require a divalent metal ion for activity. In GlcAT-I, this motif corresponds to residues Asp 194 , Asp 195 , and Asp 196 , which lie in a loop located at the junction between the donor and acceptor substrate binding subdomains of the enzyme (12) . Several lines of evidence indicate that the highly conserved DXD motif of GTs has a key role in metal-mediated donor substrate binding and phosphate-sugar bond cleavage. However, recent studies support the idea that these motifs are not equivalent in nucleotide binding and catalysis. For example, the DXD motif in GM2 synthase was required for enzymatic activity but was not found critical for UDP binding (13) , whereas the presence of an intact DXD sequence was a prerequisite for both donor substrate binding and activity of clostridial cytotoxins (14) . In the case of the Bacillus subtilis SpsA protein, a XDD motif instead of the DXD motif has been shown to play a major role in metal-UDP-sugar complex interactions (15) .
To gain further insight into the role of GlcAT-I in GAG chain assembly, it is crucial to better understand the structure and function of the protein. Our laboratory has been deeply involved in determining the peptide domains and amino acids that are important for catalysis and membrane organization of UDP-glucuronosyltransferases (16, 17) , in particular the human GlcAT-I (18, 19) . We have shown that GlcAT-I is organized as a homodimer involving an intermolecular disulfide bond mediated by a cysteine residue located in the stem region (18) . Furthermore, we recently identified essential amino acids governing the donor substrate specificity of GlcAT-I (19) . In the current study, using site-directed mutagenesis combined with UDP-beads affinity binding experiments and kinetic analyses, we demonstrate that the human GlcAT 
EXPERIMENTAL PROCEDURES
Materials-Gal␤1-S-3Gal (Gal-Gal), UDP-GlcA, UDP, GlcA, D-saccharic acid 1,4-lactone (saccharonolactone), ␤-glucuronidase (bovine liver), Triton X-100, anti-rabbit alkaline phosphatase-conjugated immunoglobulins, and methanol were from Sigma. UDP beads (affinity gel-UDP) were provided by CN Biosciences (Nottingham, United Kingdom). Bacterial and yeast culture media were from Difco BD Biosciences (Le Pont le Chaix, France). Protein assay reagent was obtained from BioRad. The restriction enzymes were provided by New England Biolabs (Hitchin, UK). T4 DNA ligase was from Invitrogen (Cergy Pontoise, France). The Pichia pastoris expression system and competent Escherichia coli cells were purchased from Invitrogen (Groningen, The Netherlands). The QuikChange site-directed mutagenesis kit was from Stratagene (La Jolla, CA). All other reagents were of the best quality available.
Plasmid Construction and Site-directed Mutagenesis-Cloning of the full-length GlcAT-I cDNA and construction of the recombinant pPICZBGlcAT-I vector designed for the heterologous expression of the recombinant enzyme in the methyltrophic yeast P. pastoris was performed as previously described (18) . Construction of amino acid-substituted mutants of GlcAT-I was performed using the QuikChange site-directed mutagenesis kit (Stratagene) according to the recommendations of the manufacturer. Mutants were systematically checked by sequencing. The sequence of the sense and antisense mutation primers is indicated in Table I . The various mutants were individually expressed in the yeast P. pastoris as described below.
Heterologous Expression in the Yeast P. pastoris-Each recombinant pPICZ vector was individually transformed into the P. pastoris SMD1168 yeast strain (Invitrogen) using the P. pastoris Easy Comp transformation kit (Invitrogen). Transformants were selected on YPD plates (1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose) containing 100 g/ml of zeocin (Invitrogen). The cells were grown in BMGY medium (1% (w/v) yeast extract, 2% (w/v) peptone, 100 mM potassium phosphate, pH 6.0, 1.34% (w/v) yeast nitrogen base and 1% (v/v) glycerol). Expression was induced by methanol (2%, v/v) for 48 h at 30°C in a rotary shaker (215 rpm). Yeast cells were harvested by centrifugation at 3,000 ϫ g for 10 min, broken with glass beads, and further submitted to differential centrifugations as previously described (17) . The 100,000 ϫ g pellet corresponding to the membrane fraction was resuspended by Dounce homogenization in sucrose-HEPES buffer (0.25 M sucrose, 5 mM HEPES, pH 7.4). Protein concentration was evaluated by the method of Bradford (20) before analysis by SDS-PAGE under reducing conditions (21) . Immunoblot analysis was performed using a polyclonal antipeptide antibody and alkaline phosphatase-conjugated anti-rabbit immunoglobulins as secondary antibodies, as previously described (18) .
Analysis of GlcAT-I Enzyme Activity-Activity of recombinant human GlcAT-I was evaluated using Gal-Gal as acceptor substrate as previously described (18) . Briefly, standard incubations were performed in 100 mM acetate buffer (pH 5.0) with 10 mM MnCl 2 , 25-50 g of membrane protein, 1 mM Gal-Gal, 5 mM saccharonolactone, and 1 mM UDP-GlcA, in a total volume of 100 l. For the evaluation of the metal ion dependence of GlcAT-I, Mn 2ϩ was replaced by various divalent cations (Mg 2ϩ , Ca 2ϩ , Co 2ϩ , Zn 2ϩ , and Ba 2ϩ ) at different concentrations (0.1, 1, 10, and 50 mM). The mixture was incubated at 37°C for 60 min and the reaction product was analyzed by high performance liquid chromatography after chromophore labeling by reductive amination by aniline as previously described (22) . The labeled water-soluble product was analyzed on a reverse phase C18 column (4.6 ϫ 150 mm, 4 m, Waters, Milford, MA) at a detection wavelength of 254 nm. The mobile phase was composed of 5% (v/v) acetonitrile and 0.05% (v/v) 1,4-diaminobutane in water adjusted to pH 6.0. Control assays in which either 
the donor substrate UDP-GlcA or the acceptor substrate Gal-Gal was omitted were simultaneously run under the same conditions. Addition of a GlcA residue on the nonreducing end of Gal-Gal was verified by the susceptibility of the product to hydrolysis by ␤-glucuronidase from bovine liver. A time course of the glucuronosyltransferase reaction showed that the product formation was linear with time over 90 min. Initial rate data were subsequently taken after a 60-min incubation time.
Kinetic Studies of Mn 2ϩ
Activation-The effects of varying metal and UDP-GlcA concentrations on the initial reaction velocity were determined in the standard assay conditions, i.e. at a saturating concentration of acceptor substrate (Gal-Gal, 1 mM) with an incubation time of 60 min. Activation of wild-type and mutant GlcAT-I by Mn 2ϩ was measured at 0, 0.05, 0.1, 0.2, 0.5, and 1 mM MnCl 2 , whereas UDP-GlcA concentration varied from 0 to 2.0 mM. To provide further insight into the mechanism underlying Mn 2ϩ activation, data were simultaneously fitted to Equation UDP Beads Binding-Membrane fractions from yeast cells expressing recombinant wild-type and mutant GlcAT-I (100 g of protein) were treated by 1% Triton X-100 (v/v) for 1 h at 4°C and submitted to 100,000 ϫ g ultracentrifugation. The supernatants containing solubilized GlcAT-I and mutants were used for UDP binding experiments according to a procedure similar to that published previously (24) . Briefly, a 10-l aliquot of UDP beads (10 mol of UDP/ml of gel) was incubated at 4°C for 30 min with the Triton X-100-solubilized material in 100 mM acetate buffer (pH 5.0) containing 0 -10 mM Mn 2ϩ . Incubations were also performed in the presence of UDP, UDP-GlcA, and GlcA used as potential inhibitors of GlcAT-I binding to UDP beads. Following incubation, the beads were harvested by centrifugation, the supernatant was saved and the beads were washed once in acetate buffer solution and then boiled in Laemmli sample buffer. Both the supernatant and the bound material associated with the beads were then analyzed by SDS-PAGE and immunoblotting as described above.
Molecular Modeling-All minimization operations were performed with Amber software version 6 (25), using the GlcAT-I donor substrate complex, Protein Data Band entry 1kws. In all cases, the structure of the donor substrate was deleted. To avoid the missing residue regions in this file, all minimizations were done keeping fixed all residues outside a sphere of 10-Å radius from the ␣ carbon of residue 195 in the A chain. After addition of hydrogen atoms, 10 different models were minimized: wild-type GlcAT-I and D194A, D195A, D196A, D194E, D195E, D196E, D194A/D196A, D194A/D195A, and D195A/D196A mutants. Energy minimization was carried out for each model using the Sander classic program by means of 100 steps of steepest descent followed by 1000 steps of conjugate gradient relaxation. Superposition of the Protein Data Bank files 1kws (GlcAT-I) and 1h7l (SpsA) was done using the program topp of the CCP4 Suite (26) .
RESULTS

GlcAT-I Is Preferentially Activated by Manganese Divalent
Ions-Coordination with metal divalent ions is a commonly proposed mechanism accounting for the binding of the UDPsugar cosubstrate by DXD motif-containing GTs. To analyze the specificity of GlcAT-I toward the metal cofactor, we examined the effect of various divalent cations with different sizes and van der Waals volumes (Mg 2ϩ , Ca 2ϩ , Mn 2ϩ , Co 2ϩ , Zn 2ϩ , and Ba 2ϩ ) on the enzyme activity. In the absence of metal ions (Fig. 1) or when the cations were chelated by EDTA (data not shown), the recombinant wild-type enzyme was inactive but was strongly activated in the presence of Mn 2ϩ (0.1-10 mM), up to a specific activity of 70 pmol⅐min Ϫ1 ⅐mg Ϫ1 protein. Other divalent cations tested were able to stimulate GlcAT-I at various levels only when used at a high concentration (10 mM). Mg 2ϩ , Zn 2ϩ , and to a lesser extent Co 2ϩ , produced a significant activation of GlcAT-I, whereas Ca 2ϩ and Ba 2ϩ were not able to assist catalysis (Fig. 1) indicated that the metal ion binding site of GlcAT-I can accommodate several divalent metal ions but that Mn 2ϩ is the best metal activator of the enzyme.
Kinetic Studies of Manganese Activation of GlcAT-I-To analyze the mechanism underlying Mn 2ϩ stimulation of the Glc-AT-I activity, detailed kinetic studies of Mn 2ϩ activation were performed. Initial rates of reaction were measured using varying concentrations of UDP-GlcA (0 -1 mM) in the presence of different concentrations of Mn 2ϩ (0 -1 mM) (Fig. 2) . Analysis of the results clearly showed that GlcAT-I requires the metal for activity and that the velocity of the enzyme was remarkably stimulated by Mn 2ϩ in a range of concentrations up to 1 mM (Fig. 2) . In addition, the plots indicated that V max was approached at the Mn 2ϩ concentration from 0.5 to 1 mM. Furthermore, no inhibitory effect at higher Mn 2ϩ concentration (up to 50 mM) was observed (results not shown). Visual analysis of the kinetic data treated as Lineweaver-Burk plots (Fig. 2, inset) showed that all the lines intersected in the second quadrant suggesting that the substrate binds weakly to the enzyme in the absence of Mn 2ϩ . Mathematical treatment of the kinetics was conducted by fitting the data to Equations 1-3. Fitting the data to Equations 1 and 3 resulted in parameters with standard error values higher than the mean value, except for V max (data not shown). This poor fit suggested that these models may not account for the activation mechanism of GlcAT-I by Mn 2ϩ divalent ions. In contrast, the data were best-fit to Equation 2 (Table II) (Fig. 3A) , or asparagine (data not shown) were engineered and expressed in yeast P. pastoris. Immunoblot analysis of membrane fraction from yeast cells expressing the mutants showed that they were produced at a similar level to that of the wild-type protein except for the double mutants that were expressed in higher amounts (Fig. 3A) . Analysis of the catalytic activity of the mutants indicated that mutation of Asp 194 (Fig. 3B) . The contribution of each residue was then analyzed indicating that replacement of Asp 196 by alanine reduced by 75% the enzyme activity (Fig. 3B) . Mutation of Asp 195 to alanine strongly affected GlcAT-I enzyme, leading to 80% loss of activity (Fig. 3B) 
TABLE II Kinetic analysis of GlcAT-I activation by Mn 2ϩ
Kinetics of Mn 2ϩ activation were performed on the membrane fraction from yeast cells expressing wild-type GlcAT-I, D194A, and D194E mutants as described under "Experimental Procedures." K SA , the apparent dissociation constant of enzyme⅐Mn 2ϩ ⅐UDP-GlcA complex, V max , the apparent maximal velocity and K 0 , the equilibrium constant of the Mn 2ϩ ⅐UDP⅐GlcA complex were determined from experimental data shown in Figs. 2 and 4 . All the data were fitted to Equation 2 in a single fit in which the apparent kinetic parameters were determined, V max , K SA , for wild-type GlcAT-I, D194A, and D194E mutants, and K 0 for all experiments. K 0 value was 1.02 Ϯ 0.24 mM. GlcAT (Fig. 4, A and B) . As noted for the wild-type enzyme, Lineweaver-Burk representation of the kinetic data (Fig. 4, A and B, inset) suggested a weak binding of the substrate in the absence of the metal activator, Mn 2ϩ . Mathematical analysis of the data gave a better fit with rate Equation 2 rather than with Equations 1 and 3 (Table II) . According to this equation, the apparent dissociation constant of the enzyme-metal-substrate complex (K SA ) was increased by 4.5-fold for the D194A mutant and by 3-fold for D194E compared with wild-type GlcAT-I, reflecting impaired interactions between the Mn 2ϩ ⅐UDP-GlcA complex and the mutant enzymes (Table II) . In contrast, V max values were not significantly affected by the mutation, indicating that the maximal velocity of the enzyme at high concentrations of the activatorsubstrate complex did not depend on the Asp 194 residue.
Effect of DDD Mutations on Binding of GlcAT-I to UDP
Beads-As a test for the role of the DDD motif in nucleotide sugar binding, we compared the ability of the wild-type and GlcAT-I mutants to bind to UDP beads. As expected, the wildtype enzyme bound efficiently to UDP beads in the presence of Mn 2ϩ (Fig. 5A, lanes a and b) . In contrast, no binding of the protein was observed in the absence of the cation (lanes c and  d) , underlining the importance of Mn 2ϩ in this process. Furthermore, the binding was prevented by the presence of UDPGlcA (lanes e and f) and of UDP (lanes g and h) , but not of GlcA (lanes i and j) , indicating that binding of GlcAT-I to UDP beads was the result of a specific recognition of the nucleotide moiety by the enzyme. Analysis of the binding capacity of mutants D194A, D195A, and D196A to UDP beads revealed that Asp to Ala replacement strongly impaired UDP binding. As illustrated in Fig. 5B , for all mutants, about 50% of the protein did not bind to UDP beads and was present in the beads supernatant after centrifugation (compare lanes b, d, and f to a, c, and e) . (lanes g, i, and k) , resulting in the presence of the protein in the beads supernatant (lanes h, j, and l). Lowering Mn 2ϩ concentration from 10 to 1 mM did not modify the binding of the wild-type or of the mutant proteins to the beads (data not shown). All these data support the idea that the three aspartate residues of the DDD motif are important for efficient metal-dependent binding of the UDP moiety of the donor substrate to the GlcAT-I protein. However, one single mutation in the motif did not completely abrogate UDP binding.
Molecular Modeling of the DDD Motif-The three-dimensional structural analysis of human GlcAT-I showed that the DDD motif is located in a buried loop of seven residues and interacts through hydrogen bonding with the donor substrate and with the Mn 2ϩ ion (27) . To further investigate the critical feature of this motif in UDP-sugar interaction, the catalytic center of the enzyme has been studied by molecular modeling (Fig. 6A) . This model provides evidence that beside their interactions with UDP-GlcA and the divalent metal ion, the aspartate side chains could also form hydrogen bonds with other amino acid partners of the protein, i.e. 97 , which probably does not interact with the cosubstrate. Consistently, our data emphasized the critical importance of the structurally conserved Asp 195 and Asp 196 residues in the function of GlcAT-I.
DISCUSSION
GlcAT-I belongs to the wide group of GTs responsible for the biosynthesis of a large variety of complex oligosaccharides. The elucidation of the structure and function of these enzymes is a major challenge because of their increasing implication in several pathologies and their potential as pharmacological targets. For example, inhibition of heparan sulfate synthesis by a xylose-based molecule has recently been shown to be capable of reducing tumor growth and proposed as a novel anti-cancer therapy (28) . GTs are usually metal-dependent enzymes containing a DXD motif, a signature common to many members and used as a diagnostic feature (24) . An increasing number of studies underlines the important role of this motif in metalmediated cosubstrate interactions. Here, we showed that the activity of GlcAT-I was strictly dependent on the presence of divalent ions. Activity was undetectable in the absence of metal cations, thus emphasizing the obligatory presence of these cofactors for the function of the enzyme. Among all the cations tested with various sizes and van der Waals volumes, Mn out an optimal interaction of Mn 2ϩ with the GlcAT-I protein. Structural studies of the SpsA protein in complex with UDP indicated that the two phosphate groups of UDP-sugar were substantially more ordered in the presence of Mn 2ϩ than with Mg 2ϩ , suggesting that manganese is also the optimal metal ion for this enzyme (15) . Similarly, several GTs require exogenous divalent cations for their activities and possess specific binding sites for such ions (29, 30) . In the case of GlcAT-I, threedimensional structure analysis suggested that one Mn 2ϩ cation per monomer binds to the enzyme (27) . Using UDP bead binding experiments, we showed that the presence of Mn 2ϩ was required for the binding of UDP to GlcAT-I. Similarly, isothermal titration calorimetry studies performed on ␣1,3-galactosyltransferase (31) underlined the requirement of Mn 2ϩ in the binding of the donor substrate, UDP-Gal, to the enzyme. Altogether, these data show that divalent ions are essential for GlcAT-I activity as well as for substrate binding, but do not provide information on the activation mechanism. Kinetic analyses combined with site-directed mutagenesis have been successfully used to assess metal effects in enzyme activation (32, 33) . We thus initiated kinetic studies of Mn 2ϩ activation of wild-type and mutant GlcAT-I. Lineweaver-Burk representation of kinetic data suggested a weak binding of the substrate in the absence of Mn 2ϩ . Further analysis of the kinetics by a mathematical treatment using rate Equation 1, which describes random binding of the activator, the substrate, and the activator-substrate complex, gave a poor fit. This result is consistent with the absence of inhibition of GlcAT-I by either UDP-GlcA or Mn 2ϩ and the presence in the enzyme of probably one Mn 2ϩ binding site as suggested by crystallographic data (27) . This led us to consider alternative models, model 2 for which the activator-substrate complex is Mn 2ϩ ⅐UDP-GlcA and model 3 stating that Mn 2ϩ binds the enzyme prior to UDPGlcA. Our kinetic analysis favors model 2 whereby activation occurs via binding of a Mn 2ϩ ⅐UDP-GlcA complex. In a recent report, UDP-glucose-metal complex formation in solution was analyzed by molecular dynamic simulation of UDP-glucose in interaction with Mg 2ϩ (34) . Consistent with our findings, this study provides evidence for binding between the divalent cation and the donor substrate in solution, leading to a conformation that is energetically favored to bind the nucleotide active site of GTs. Although, our results favor a model where the metal interacts with the nucleotide sugar to form the enzyme substrate, given the complexity of metal enzyme activation mechanism per se, we presume that the GlcAT-1-Mn 2ϩ interactions may be more intricate. Thus, direct binding studies of Mn 2ϩ to the enzyme by methods such as electron paramagnetic resonance spectroscopy (32) or isothermal titration calorimetry (31) will be a step forward in the understanding of metal activation of GlcAT-I.
Resolution of the crystal structure of the GlcAT-I catalytic domain suggested that the three aspartate residues, Asp Busch et al. (14) who showed that mutation of the spaced pair of invariant aspartates was required to completely block the glucosyltransferase activity of the clostridial cytotoxins. However, in the case of ␣1,3-mannosyltransferase (35) or Fringe protein (24) , mutation of one of the conserved residues, only, was sufficient to abrogate the activity. In contrast to Asp 195 and Asp 196 mutations, Asp 194 replacement produced only a slight alteration in the enzyme activity but impaired the interactions between GlcAT-I and the metal-UDP-GlcA complex as reflected by an increase in K SA values for D194A and D194E mutants. One explanation that may account for these observations is that replacement of Asp 194 by alanine prevented on the one hand the hydrogen bond formation between the side chain of the aspartate residue a water molecule and Mn 2ϩ cofactor and on the other hand between aspartate residue and GlcA moiety, as suggested from crystallographic data (27) . The severely impaired activity produced by mutation of thus excluding that the loss of activity observed would be because of large structural modification of the active site. The most likely explanation emerges from comparison of the threedimensional structure of the catalytic center of GlcAT-I with that of SpsA, a GT protein belonging to the same structural superfamily and displaying a similar catalytic machinery (15 We showed by mutational analysis that the last two aspartates of this motif, which are located in a loop at the C-terminal end of the ␤4 strand of the protein, play a major role in GlcAT-I function, whereas the importance of Asp 194 appears less predominant. From these findings, we can reasonably suggest that GlcAT-I is a XDD motif enzyme, similarly to the SpsA protein, rather than a DXD motif-GT protein.
